Nanoscale transmission and reception technologies will play a vital role and be part of the next generation communication networks. This applies for all application fields including imaging, health, biosensing, civilian, and military communications. The detection of light frequency using nanooptical antennas may possibly become a good competitor to the semiconductor based photodetector because of the simplicity of integration, cost, and inherent capability to detect the phase and amplitude instead of power only. In this paper, authors propose simulated design of a hexagonal dielectric loaded nantenna (HDLN) and explore its potential benefits at the standard optical C-band (1550 nm). The proposed nantenna consists of "Ag-SiO 2 -Ag" structure, consisting of "Si" hexagonal dielectric with equal lengths fed by "Ag" nanostrip transmission line. The simulated nantenna achieves an impedance bandwidth of 3. .1 THz) and a directivity of 8.6 dBi, at a center frequency of 193.5 THz, covering most of the ITU-T standard optical transmission window (C-band). The hexagonal dielectric nantenna produces HE 20 modes and the wave propagation is found to be end-fire. The efficiency of the nantenna is proven via numerical expressions, thus making the proposed design viable for nanonetwork communications.
Introduction
The recent developments in nanotechnology have motivated the researchers to explore and design optical (nano)antennas by downscaling the radio frequency (RF) antennas towards optical frequencies. Thus, the familiar design principles and operational concepts of RF and microwave antenna technology can be directly applied to the rapidly emerging area of optical antennas [1] [2] [3] . The reduction in the size of electronic and optoelectronic components and their integration into nanosystems, by the use of nanotechnology, is the basis of a nanonetwork. The communication between the integrated components would achieve a complex task, in distributed manner, enabling unique applications of nanotechnology [4] . The operation can be performed via optical antennas called nantennas. Besides capturing/enhancing optical light, nantennas find their usefulness in applications like optoelectronic devices, optical transmitters and receivers, solar cells, nanonetworks, sensing applications, artificial spectroscopy, and nanophotonics circuit integration [5, 6] . At present, limited literature is available on nantenna designs that include configurations such as dipoles, bow ties, Yagi-Uda, split ring, and spiral nantennas [7] [8] [9] [10] [11] [12] [13] . Apart from these, many of the other state-of-the-art nantenna designs [14] [15] [16] [17] are mostly based on extensive theoretical and numerical analysis aided by electromagnetic simulators due to limited availability and very expensive cost of the nanofabrication facilities. Even after fabrication, the characterization and measurement at present are an unrealistic task to achieve. The communication between devices in the nanonetworks is still an unsolved challenge. The miniaturization of classical antennas with 2 International Journal of Antennas and Propagation usage of nanomaterials is one solution, proposed by the authors, as one of the main objectives of this paper.
In traditional RF domain, metals that behave as perfect electric conductor are used to make majority of antennas. These conductors designed at microwave and millimeter wave frequencies are encountered with losses, although there are subsequent techniques available to subside these losses [3] . Alternatively, a technique exists to avoid these conduction losses by making use of antennas having dielectric materials. Dielectric resonators (DR), proposed in 1939 [18] , are nonmetallized dielectric objects that function similarly to metallic cavities. With the low loss dielectric material, the dielectric resonator antenna (DRA) has some advantages over the metallic ones such as high radiation efficiency due to lack of surface waves, small size proportional to wavelength ( 0 ), wide impedance bandwidth, many feeding arrangements, and different excitation methods with several modes producing broadside or end-fire radiation patterns [19] [20] [21] [22] [23] [24] .
In general, DRAs exhibit infinite resonant mode when excited in an ideally isolated environment. With appropriate selection of excitation modes, the DRAs can be used as an efficient radiator or a loader with appropriate end-fire or broadside radiation patterns. Antenna behavior and far field radiation patterns could be predicted with the known and available knowledge of DR's resonant modes [22] . DRAs are normally made of ceramics with high permittivity, that is, = (10-100) for acquiring wide bandwidth, and commonly placed on a finite ground plane with a substrate of similar dimensions. The feeding of DRAs can be done via a coaxial or microstrip line feed [20] . Numerous geometries of DRAs are available which include cylindrical, rectangular, halfcylindrical, spherical, triangular, and hexagonal shapes [25] [26] [27] [28] [29] [30] . The cylindrical DR is mostly used offering one of the three resonating modes, TE 01 , TM 01 , and HE 11 , from many available modes, in applications involving radiations behaving like a short vertical electric and magnetic dipole and as a horizontal magnetic dipole [22] . Here, vertical and horizontal refer to the directions that are parallel and orthogonal, respectively, to the cylindrical axis.
In this paper, in order to benefit from the wide band characteristics and efficient radiation properties of DR as a loading element, we propose and explore the design of a hexagonal dielectric loaded nantenna (HDLN). The design is inspired from the reference antenna at low radio frequencies [25] . The proposed nantenna consists of a multilayer structure having "SiO 2 " sandwiched between two silver "Ag" sheets. The radiating element is an equal sided hexagonal shaped "Si" dielectric loaded material. The whole nantenna structure is excited via a nanostrip transmission line made from a noble silver metal "Ag" whose conductive properties are calculated via the Drude model [31] . The antenna achieves an impedance bandwidth of 3.7% (190.9 THz-198.1 THz) with a directivity of 8.6 dBi at the frequency of interest. The obtained results make the proposed nantenna a possible solution for future nanophotonics and nanoscale communication devices.
Proposed Nantenna Design
In the present investigation, the optical HDLN is designed for operating at a center frequency of 193.5 THz, which corresponds to an operating wavelength of 1.55 m. The proposed geometrical configuration (side view and top view with field vectors) of the HDLN is shown in Figures 1(a) and 1(b) . The design consists of "SiO 2 " substrate with a thickness of ℎ 1 = 0.150 m, = 2.1, and loss tangent tan = 0.003 at = 100 THz [32] sandwiched between two silver metal layers. The partial ground plane is on the bottom side of "SiO 2 " substrate with thickness of = 0.010 m and dimensions × = 1.95 × 2 m, while on the top side a nanostrip transmission line with thickness ℎ 2 = 0.025 m is located. The substrate dimensions are taken as × = 5 × 5 m 2 . The hexagonal dielectric is made of "Si" with = 11.9 and estimated loss tangent, tan = 0.0025 [32] at = 100 THz, is excited via the 50 Ω silver nanostrip feedline that has dimensions of = 0.067 m and = 0.186 m. A small substrate with thickness ℎ 3 = 0.015 m made from "SiO 2 " has been introduced between the hexagon and the nanostrip to widen the achieved bandwidth. The dimensions of hexagonal dielectric are calculated from (1) [3] by inscribing the hexagon inside a circle and equating the areas of both designs, thus giving optimized equal side lengths of hexagon as = 1 m and thickness ( /4 < ℎ < /2) ℎ = 0.377 m:
where is area of the circle and is side of the hexagon. Since at optical frequencies metals appear with a negative permittivity, complex permittivity " Ag " of silver (Ag) was calculated from (2) explained by the Drude model [31] :
where 0 = 8.85 × 10 −12 [F/m], = 5, plasmonic frequency = 2175 THz, is central frequency, and collision frequency = 4.35 THz. The proposed model has taken into account the conductive and dielectric losses and has been simulated using commercially available EM simulator CST Microwave Studio 2012 [33] based on FIT numerical technique. Figure 1(b) illustrates the antenna operating in the transmitting (Tx) mode by means of propagation vector orientation ( ). The magnetic and electric field distributions of the hexagonal dielectric and nanostrip waveguide, along with the wave propagation in the -axis, are also shown. Optical nantennas can be excited with a few known techniques being (1) coupling of light using the so-called nanotapers [34, 35] . Since nanoantennas cannot handle much power because of their small footprints, this makes them ideal candidates for being excited by microlasers such as microdisks and photonic crystal lasers. Another method of excitation that outperforms the former microlaser based technique by reducing the reflection induced power loss exploits (2) slot dielectric waveguides [36] . 
Parametric Studies
In this section, we investigate the role of each physical and geometrical parameter in our proposed hexagonal dielectric nantenna structure. The process of optimization was achieved on the various parameters by considering the whole geometric structure as shown in Figure 1(a) . In order to study the impact on the antenna performance in terms of bandwidth, the following parameters have been studied and analysed.
3.1. Nanostrip Feed. The silver nanostrip characterized by Drude model was optimized in terms of its length and width. The traditional empirical formulas [3] were used as a starting point for the nanostrip design. The nanostrip acts like a coupling resonator that excites the hexagonal dielectric, placed on an upper SiO 2 substrate with height ℎ 3 . Traditionally at RF frequencies the length of the transmission lines is characterized to the wavelengths ( ) of incoming and outgoing radiations. However working at the optical frequencies, the traditional RF wavelength characteristics scenario no longer applies as the incident waves are not perfectly reflected back from the metal's surface. Instead, radiation penetrates into the metal giving rise to the excitation of the free electron gas. Hence at optical frequencies, instead of using the traditional wavelength ( ) we make use of shorter effective wavelength ( eff ) which depends on the material properties [37, 38] given by the following equation for length of a transmission line [39] :
where (3) shows the relationship between the free space wavelength ( 0 ) and the effective wavelength ( eff ) and the order of resonance ( ). Here effective wavelength is given by
Typical values of eff have been measured to be in the range of 1.5-3 [40] . In our simulation, for the silver nanostrip The effect of the width " " of the nanostrip was also examined by extensive parametric studies. Initial values were taken from the empirical formulas [3] and optimization was done from 0.02 m to 0.28 m. Figure 2(b) shows the best optimized value achieved at resonance of −22 dB with = 0.067 m.
Partial Ground Plane.
The effect of the ground plane was studied on the nanoantenna design. Initially a finite ground plane was used to achieve a good radiation pattern with an acceptable bandwidth. The ground plane was then optimized and a partial ground plane was selected with dimensions × = 1.95 m × 2 m. Figures 3(a) and 3(b) show the effects of varying the ground plane in terms of its length and width. The optimized results produce a wide impedance bandwidth of 3.7% (190.9 THz-198.1 THz) at a center frequency of 193.5 THz, covering all of the standard optical transmission widow (C-band).
Height of Hexagonal DR.
The wide impedance bandwidth achieved is also affected by the height of the hexagonal DR. The height ℎ of the DR was optimized within the range ( /4 < ℎ < /2) [3] . Figure 4 shows the best optimized value of ℎ = 0.37 m having a resonance at −23 dB.
Results and Discussions

Comparison with Reference RF Antenna.
Initially the reference antenna [25] available at the lower radio frequency spectrum is simulated and its results are noted. Next the proposed nantennas results, achieved as per optimization in the previous section, are compared to the reference antenna. Observations are made in terms of plane wave propagation in the transmission lines to the radiating structures of the two antennas with results shown in Figures 5(a) and 5(b), respectively. From Figure 5 (a) it can be observed that the -field propagation or the power propagation in the transmission line is following the fringing effects in order to radiate the hexagonal structure operating in the microwave domain, whereas the proposed nantenna structure depicted in Figure 5(b) shows that the -field propagation in the nanotransmission line follows a travelling wave effect. It is also observed that the hexagonal DR elements for both the cases exhibit different properties. At the microwave domain the hexagonal DR as shown in Figure 5 (a) works as a resonator while the DR at the nanoscale structure shown in Figure 5 (b) exhibits loading properties which benefits the nantenna to operate as a lens and thus achieve more directivity. 11 and Directivity. Figure 6 shows the return loss curve and directivity of the simulated nantenna with respective wavelength and directivity axis. After extensive optimization, the nantenna achieves an impedance bandwidth of 3.7% (190.9 THz-198.1 THz) with a directivity of 8.6 dBi, making it useful for nanoscale fabrication due to its robustness against fabrication tolerances. Wavelength ( m) 5 190 191 192 193 194 195 196 197 198 199 200 Frequency ( 190 191 192 193 194 195 196 197 198 199 200 Frequency (THz) 
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Modes of HDLN.
Typically, the modes of hexagonal DR [30] are derived from the cylindrical dielectric resonator, which has three distinct types: TE (TE to ), TM (TM to ), and hybrid modes. The TE and TM modes are asymmetrical and have no azimuthal variation. On the other hand, fields produced by hybrid modes are azimuthally dependent. Hybrid mode is further divided into two subgroups of HE and EH [27] . The modes generated by the hexagonal dielectric nantenna are represented in terms of magnitude of electric field distribution on its surface as shown in Figure 7 , at the center frequency of 193.5 THz. The mode analysis was done via EM simulator CST MWS.
From the infinite modes available [22] , in our simulation as shown in Figure 7 , we observed the nanohexagonal dielectric antenna producing HE 20 mode within the achieved wide impedance band. The subscript in the modes represents the 190 191 192 193 194 195 196 197 198 199 200 Frequency (THz) variation of fields along azimuthal, radial, and -direction of the cylindrical axis. It is observed from the figure that the magnitude of electric field variation is produced on the azimuthal direction with no variation in the radial direction thus giving a mode excited at HE 20 . Also the intensity is highest at the azimuthal plane resulting in a radiation pattern towards the end-fire direction.
3D Radiation Patterns.
The 3D radiation patterns of the nanoantenna at 191 THz, 193.5 THz, and 198 THz are shown in Figures 8(a)-8(c) . The directivity of the antenna at the center frequency is 8.6 dBi. Examining the 3D radiation patterns in Figure 8 provides the proof of the HDLN radiating in end-fire pattern.
Conclusion
In this paper, we proposed and simulated a hexagonal dielectric loaded nantenna for communication among nanodevices in nanonetworks. The nanoantenna is composed of "Ag-SiO 2 -Ag" structure with a nanosilver transmission line that excites a hexagonal dielectric made of "Si" material. The antenna exhibits an impedance bandwidth of 3.7% (190.9 THz-198.1 THz) with a directive radiation pattern of 8.6 dBi. Keeping in mind the state-of-the-art nantenna designs and limited availability of nanofabrication equipment and facilities worldwide, we believe that our proposed theoretical HDLN design will prove itself to be a promising communication device for applications based on nanotechnology.
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